Polyurethane foam supports immobilization of Mortierella isabellina ATCC 38063, a zygomycete that hydroxylates and thereby detoxifies resin acids found in certain pulp mill effluents. The fungus becomes entrapped as it threads growing mycelia through the open foam matrix. The tenacity of binding and the amount of biomass bound depend on initial spore numbers and nutrient concentration. Optimal dehydroabietic acid transformation occurs with early-stationary-phase foam-bound mycelia suspended in buffer at pH 6.5 to 8.5 with aeration >0.1 liter liter-1 min-' and near a temperature maximum of 33°C. Neither a greater number of similarly loaded foam cubes nor a greater surface area for similar amounts of biomass increased transformation rates. Compared to free mycelial cultures, foam presence retards growth and decreases the rate of precursor transformation but does not alter the nature of the metabolites formed from dehydroabietic acid, abietic acid, or isopimaric acid. Diffusional barriers or binding of substrates in an inaccessible manner may cause the observed inhibitions. Overall, foam immobilization stabilizes enzymic activity and is a facile laboratory process with scaleup potential.
The zygomycete Mortierella isabellina Oudemans hydroxylates fish-toxic resin acids and their mono-and dichloroanalogs found in pulp mill effluents and thus forms metabolites of greatly reduced toxicity (11) . Unfortunately, M. isabellina spores do not germinate in aerated pulp mill effluent, and the filamentous fungus is a weak competitor in the mixed microbial population of treatment lagoons. As hydroxylation at C-2 in the A ring and at C-1S and C-16 in the isopropyl side chain is most efficiently performed by stationary-phase mycelia (1) , immobilization of this fungus may provide a means for its application.
The potential advantages of immobilization (stable environment, regeneration and reuse of the biocatalyst, increased enzyme stability, and easy adaptation to continuous flow applications) were assessed for stationary-phase M. isabellina mycelia entrapped in calcium-alginate beads (1) . Compared with suspended free mycelia, the entrapped cells have a similar initial biotransformation efficiency but are superior in that they retain enzyme activity at a higher level for a longer time. In the final measure, however, the cost of calcium-alginate immobilization and the technical difficulties related to its application on a huge scale as needed by the pulp and paper industry make the process impractical. A 0.03 M; 60 ml 100-ml culture-1). Final Tris volume equaled the initial culture volume. Fungus-loaded cubes removed from culture flasks were gently rinsed twice in buffer (30 ml wash-1 60-ml culture-') and transferred into fresh buffer (usually four cubes 100 ml-1' 250-ml Erlenmeyer flask-').
Biotransformation of DHA. Filter-sterilized precursor solutions (DHA dissolved in <1 ml of ethanol, basified with NaOH, and diluted to 1 mg ml-1) were added to cell suspensions for a concentration of 40 mg liter-1. Zero time blanks (DHA in Tris buffer) for each test provided 100% values for high-pressure liquid chromatography (HPLC) analyses. Final harvests involved acidification with concentrated HCl to a pH less than 2, separation of solids from liquids, rinsing of mycelia or cubes with cold acidified water, and freezing in liquid nitrogen. Solids were freeze-dried, and filtrates were stored at -20°C prior to extraction and analysis.
pH experiment. Acetate buffer (0.03 M) was prepared from 0.2 M acetic acid and 0.2 M sodium acetate, MES (morpholinoethanesulfonic acid) and MOPS (morpholinopropanesulfonic acid) buffers at 0.03 M were adjusted with 1 N NaOH, and Tris buffer (0.03 M) was adjusted with 4 N HCI.
Aeration experiment. Twenty fungus-loaded cubes were placed in each of four canisters (ca. 1,400-ml capacity) containing 500 ml of Tris buffer. The stoppered canisters contained a submerged gas inlet, a gas outlet, and a magnetic stirring bar which was beneath a perforated screen. The screen prevented contact between the cubes and bar and thus prevented liberation of the mycelia. Prior to DHA addition, each canister was purged for 15 min with one of the following gases: nitrogen, pure oxygen, and compressed air at 0.1 liter liter-'min-' or 1.0 liter liter-'min-'. Samples (100 ml) of broth and four cubes were taken at 1, 5, 11, and 24 h; gas flows were proportionally reduced at these times.
General procedures for extraction, quantitation, isolation, and characterization of metabolites. The structures of DHA (compound 1) and previously characterized DHA metabolites are presented in Fig. 1 (1, 8) .
Subsequent to sample harvest of biotransformation assays, filtrate samples were thawed, saturated with NaCl, and extracted twice with ethylacetate. The combined organic extract was washed to neutrality with distilled water, dried over MgSO4, filtered, and dried in vacuo to give a crude extract. Freeze-dried mycelium-laden cubes were cut into small pieces, ground by mortar and pestle after ethylacetate addition, and further extracted with the same solvent by ultrasonic treatment for 2 to 3 h (final temperature, ca. 45°C). The combined organic extract was concentrated and dried in vacuo to give a second crude extract.
HPLC was performed with a Waters system consisting of a system controller, data module, WISP 710B, model 440 UV detector (254 and 280 nm), and a radial compression module with reverse-phase (C18) precolumn and analytical column. An HPLC profile of a DHA biotransformation assay is presented in Fig. 2 .
For isolation, the free acids of the DHA metabolites could be separated by column or thin-layer chromatography on silica gel. Monohydroxylated metabolites were first separated from diols on a column under low pressure with hexane-ethylacetate (3:2) containing 1% acetic acid as the mobile phase at a flow rate of 3 ml min-'. Individual monohydroxylated metabolites (compounds 2, 4, and 5) were then isolated by a similar column eluted with hexaneethylacetate (5:1) containing 0.6% acetic acid at a flow rate of 2 ml min-1. Separation of the diols (compounds 6 and 7) was achieved by preparative thin-layer chromatography with three sequential developments in hexane-ethylacetate (4:7) containing 1% acetic acid. Structural proof of the metabolites was performed with mass spectroscopy and 400-MHz 1H nuclear magnetic resonance spectroscopy. All data were in full agreement with previously obtained data (1, 8) .
Extracts from ABA biotransformations were analyzed by HPLC with methanol-water plus 0.1% acetic acid as the mobile phase was applied at 1.5 ml min-'. The solvent ratio was changed linearly over 25 min from 65 to 100%; UV detection at 254 nm was used.
Extracts of IPA biotransformations were analyzed after treatment with 1,1'-carbonyldiimidazole in CH3CN to form (6) 6.91 (7) 1738 (4) 17.83 ( derivatives with an UV chromophore (2). HPLC analysis was as for ABA except that the solvent was changed to 100% methanol over 35 min. HPLC-mass spectrometry was used for identification of metabolites of ABA and IPA. Details will be published elsewhere.
Infrared spectra (cm-1) were recorded with a PerkinElmer 457 or 710 spectrometer. 'H nuclear magnetic resonance spectra (parts per million) were measured on Varian XL-100, Bruker WP-80, and WH-400 spectrometers in CDC13 solution, using tetramethylsilane as the internal standard (0 ppm); coupling constants (J) were recorded in hertz units. Low-resolution mass spectra (m/z) were recorded on either an Atlas CH-4B or an AEI-MS 902 spectrometer, and high-resolution mass measurements were recorded on an AEI-50 spectrometer.
RESULTS
Characterization of growth of foam-immobilized M. isabellina. To determine the effect of foam on growth, to develop a useful immobilization procedure, and to test that foamimmobilized fungus metabolizes DHA, the following experiment was performed. The growth of M. isabellina in the presence and absence of foam was evaluated for cultures initiated at two inoculum levels (105 and 106 spores ml-') and at two broth concentrations (lx and 3.3x standard) ( Table 1) ; DHA transformation was assessed for each set of conditions after suspension of early-stationary-phase cultures in Tris buffer (Table 2 ). Stationary phase was assumed when the culture pH stabilized at a minimum value.
Although growth followed similar patterns for all sets of conditions (i.e., similar minimal pH values occurred at the end of a linear growth phase), the growth rates and duration of growth differed considerably. A lower initial spore concentration increased the time required to reach stationary phase by extending the observed lag phase. A higher broth concentration prolonged growth and gave greater final biomass yields, although the efficiency of carbon substrate conversion into biomass was lower. Neither spore nor nutrient concentration affected growth rates. In contrast, the presence of foam cubes decreased biomass yields and severely retarded growth.
Fungal immobilization depended upon both spore and nutrient concentrations. The combined effect of low nutrient supply and high inoculum (condition 1; Table 1 ) resulted in a large number of small mycelial units which were easily flushed out of the foam matrix. The lower inoculum of condition 5 allowed for greater mycelial outgrowth and a concomitant increase in immobilization, since the larger mycelia were held more tightly; however, because of the low nutrient content these cubes were still not fully loaded. The higher nutrient levels of conditions 3 and 7 promoted increased loading of the foam, even at the higher inoculum level. In these samples, the supematant broth remained clear for the initial growth period as the cubes became infested, but towards the end of growth phase, fungal growth in the broth became heavy.
The degree of DHA transformation was superior for the unbound samples ( fungus complex so that little precursor was in solution after 1 h of incubation. However, the transformation from this point proceeded slowly, with approximately 50% of DHA remaining after 5 h. Overall, the efficiency of DHA transformation is decreased in the presence of foam and by increased biomass.
The data obtained from the tests of foam-bound mycelia do not clearly indicate which set of growth conditions is best. Condition 1, despite its relatively good biotransformation ability, was not chosen because of the low amount of biomass immobilized and because a large proportion of DHA remained in the broth at the end of the assay. The capacity of a detoxification system to remove the toxin from solution, even though it is not metabolized immediately, can be important. Condition 5 was not chosen because of the low amount of biomass immobilized. Conditions 3 and 7 gave very similar results; the higher loading of cubes in condition 7 may be advantageous, while the shorter growth period for condition 3 is probably more desirable although it too is long. Condition 3 was ultimately chosen on the basis of superior production of extractable metabolites known to have reduced toxicity. This set of conditions was used in the remaining experiments, although complete optimization of growth probably had not been achieved.
Suspension of foam-immobilized M. isabellina at different phases of growth. Cultures were harvested at mid-growth phase (83 h) and at three later times which are referred to as early-(154 h), mid-(204 h), and late-(251 h) stationary phase. Harvested samples were immediately suspended and challenged with DHA; samples were procured after 1-and 5-h incubations.
No DHA transformation occurred in mid-growth-or latestationary-phase samples. Early-stationary-phase samples removed more DHA (41 versus 31%) and yielded more hydroxylated metabolites than did mid-stationary-phase samples. This finding was fortuitous in light of the previous experiment in which all cultures were harvested for the DHA assay while in early-stationary phase. This phase of culture was used for the succeeding experiments. (1) .
Effect of aeration. In the absence of oxygen, no DHA transformation occurred; however, DHA rapidly became associated with the loaded foam cubes so that 90% was attached by 11 h. The time course of DHA disappearance was the same for all three oxygenated samples and was slightly faster than experiments carried out in shake flasks in that only 30 to 36% total residual DHA was found after 5 h of incubation (Table 3) . 15-hydroxy-DHA (compound 4) and 2a-hydroxy-DHA (compound 2) appeared first and were the major products. The metabolite mixes for each oxygen source at a given sample time were essentially identical. Therefore, a minimal oxygenation which is less than 0.1 liter liter-1 min-' is necessary to effect transformation, and enrichment with higher levels of oxygen will not improve the process. 4 (standard), 8, or 16 cubes, representing lx, 2x, and 4x standard suspended biomass, respectively, were suspended in Tris buffer and were monitored over an 11-h period for DHA disappearance. Increased cube number resulted in increased rate of DHA removal from the buffer; however, this reflected only a rapid attachment of precursor to the foam cubes and not an increased rate of bioconversion. Although DHA removal was remarkably similar in each preparation, the ratio of metabolites formed differed. In the 4-cube preparations (average dry weight, 241 + 6 mg), 15-hydroxy-DHA (compound 4) and 2cx-hydroxy-DHA (compound 2) were the predominant metabolites, whereas for the 8-cube samples (average dry weight, 484 ± 12 mg), 15-hydroxy-DHA (compound 4) and 2a,15-dihydroxy-DHA (compound 6) were the main metabolites. Prevalence of dihydroxy metabolites (compounds 6 and 7) occurred in the 16-cube incubations (average dry weight, 977 ± 13 mg).
Effect
As increased biomass appears not to increase initial precursor modification but does increase the degree of modification once attachment occurs, it once again seemed that substrate availability, and not enzyme concentration, was the limiting factor.
Effect of age of stock culture for spore inoculum preparation. Foam-immobilized mycelia prepared from two stock cultures of greatly different ages, 80 and 560 days, showed no differences in their ability to transform DHA after suspension in Tris buffer.
Long-term stability of enzyme activity of foam-bound M. isabellina. To test for prolonged hydroxylase activity, free and foam-entrapped mycelia were compared after suspension of early-stationary-phase samples. In the first of two experiments, DHA was added repeatedly to the same cell preparations which were aseptically suspended in fresh buffer after each assay. Only the buffer solution and washings were examined after 6 h of incubation with DHA; therefore, only DHA removal and not bioconversion can be reported (Fig. 5) . In the second experiment, on each test date, DHA was added to a previously unchallenged suspension of free and immobilized cells. After 6 h of incubation, whole samples were harvested for analysis (Fig. 6) .
Repeat exposure of the aging cell preparations resulted in gradual loss of the capacity to remove DHA from solution, but the foam system lost this capacity more slowly. By day 87, for example, foam-bound fungus removed 52% of the added DHA, whereas free cells removed 25%. Superior activity of the foam preparation occurred despite carry-over of metabolites from preceding assays. Carry-over was estimated on days 46 and 87 by sacrificing and analyzing samples at the time DHA was added to the remaining samples. No residual DHA or metabolites were detected in the free mycelial suspensions, but 1 to 2% DHA (based on a previous addition at 40 g) and up to 29% metabolites, mostly monohydroxylated DHAs, were found in the immobilized mycelial preparations.
The single-exposure series of samples retained higher DHA removal capacities for a longer time than did the repeat-exposure series. An unexpected rise to 97% in DHA removal after day 46 in the foam series may reflect sample variation or a significant role of nonbiological attachment of DHA. However, a large sample variation was also evident as huge fluctuations in the amount of DHA transformed by these samples. Another inconsistency was the low conversion noted on day 0 (32%). In both free and bound samples, the difference between the amount of DHA removed and that transformed was the amount attached unmodified to the cells or foam.
For both free and immobilized fungi in the single-exposure experiment, dry biomass decreased until day 22, after which the weights stabilized. The average ratio of immobilized to free biomass for each assay was 1.56, and the range was 1.32 (day 0) to 1.87 (day 87). Suspended early-stationary-phase cultures probably consumed endogenous carbohydrate reserves during the initial phase of starvation in the nonnutritive Tris buffer.
Biotransformation of IPA and ABA by foam-immobilized M. isabellina. Conversions of two other common resin acids, ABA and IPA, were monitored by HPLC over a 24-h incubation period in separate experiments. In both instances, most precursor was removed from the buffer during the first 3 to 5 h. HPLC analysis showed the formation of five ABA metabolites and three major IPA metabolites. HPLCmass spectrometry was used to demonstrate that the observed products resulted from hydroxylation reactions that are similar to those for DHA metabolism and that the metabolites of ABA (5) and IPA (7) were the same as those previously isolated and characterized, with the exception that monohydroxy metabolites of ABA substituted in the isopropyl side chain were identified for the first time. Details of the HPLC-mass spectrometry system are to be published elsewhere.
DISCUSSION
M. isabellina becomes immobilized in polyurethane foam after an initial random or adsorptive association by threading growing mycelia through the open foam matrix. The tenacity of binding depends on mycelial length, which, in turn, depends on initial spore numbers and the quantity of available nutrients. The spore inoculum fixes the number of discrete fungal units, because M. isabellina grows not by cell division but by mycelial elongation. Therefore, in a given foam volume, maximal bound biomass is obtained with a spore-nutrient combination that supports sufficient mycelial elongation to prevent washout and fully packs the foam. In this study, the maximum bound dry biomass for four foam cubes was approximately 300 mg or 72% of the total biomass grown on 1,000 mg of glucose. Less sugar, perhaps 700 mg (i.e., 11.7 g liter-1), might support the same amount of immobilization and eliminate wasteful production of free mycelia towards the end of growth phase.
Conceivably, full loading is not the most desirable state for resin acid transformation. A less-densely packed foam could improve transformation rates by reduction of concentration gradients which may limit fungus-substrate interaction.
M. isabellina growth rate is severely decreased in the presence of foam; under our standard incubation conditions, biomass doubling time jumped from 4.7 to 14 h. Since foam presence also retards plant cell growth (10), the retardation is likely inherent to foam immobilization and is not a unique phenomenon related to entrapment of M. isabellina or filamentous fungi. Growth inhibition may result from nutrient or waste product concentration gradients, diffusional barriers, localized oxygen deprivation, or a combination of these factors.
Foam immobilization does not alter the metabolites formed from resin acids, for these, with two exceptions, are the same as those obtained from free cell transformations. Identification of two new monohydroxylated ABA metabolites substituted at C-16 or C-15 in the isopropyl side chain is easily explained because stationary-phase cells were used for the first time for an ABA transformation. Previously, it was recognized that cultures grown in the presence of DHA hydroxylate DHA at C-2 and that side chain modification does not occur until stationary phase (1) . This results in hydroxylation at all C-2 sites prior to side chain hydroxylation. Overall, identification of the known, less-toxic metabolites shows that foam-immobilized mycelia are effective detoxification agents.
Several comparisons can be drawn between preparations of M. isabellina immobilized in foam and in calcium-alginate beads (1). Transformation of DHA by both systems over a short time course results in production of the same five metabolites (compounds 2, 4, 5, 6, and 7) at similar levels except that the major and first formed metabolite of the alginate system, 2oa-hydroxy DHA (compound 2), is displaced by 15-hydroxy DHA (compound 4) in the foam system. The time required for 100% conversion of DHA more than doubles for the foam system. This difference is not reflected in the values for DHA removal from solution, since both systems perform this activity at similar rates. Compared with suspended free cells, the ability to remove DHA from solution is superior and the longevity of hydroxylase activity is greater for both modes of immobilization (Table 5) .
Attempts to optimize the rate of DHA conversion by the foam system through variation of process parameters showed that only factors that would alter any enzymic activity (e.g., temperature and pH) have significant effect and that variation of other parameters of foam-specific interest (e.g., surface area and biomass loading) have little effect. Again, substrate inaccessibility may account for these observations. Binding of DHA to the polyurethane foam is not likely to limit substrate availability, however, because DHA incubated with foam holding no fungus resulted in only 2 to 5% attachment.
The capacity for removal of DHA from solution by foambound M. isabellina is impressive for cultures exposed repeatedly or only once over the long term; however, the slightly superior capacity of the single-exposure cultures suggests a finite capacity for adsorption that was approached during the course of the repeat experiment. Carry-over of DHA and its metabolites in the repeat-exposure experiment would have contributed to the saturation of adsorptive capacity. A positive aspect of the adsorption and carry-over of DHA is the nearly complete transformation of the resin acid during continued incubation.
The studies of environmental factors (i.e., pH, temperature, and oxygenation) suggest limits that could be encoun- The immobilization procedure is extremely simple, and large-scale immobilization is conceivable as a process in which large sheets or blocks of foam are seeded with spores and are irrigated with a recycled nutrient solution. Stationary-phase onset could be determined by pH change or by carbon source depletion. The stability of the foam-immobilized fungus could likely be extended by refrigerated storage prior to industrial application. Once installed in a treatment tank or biobasin, the foam would be easily contained.
The Scott foam used in this study is special in that there are no film "windows" blocking the pores. Perhaps an open foam that does not meet this strict standard and may be cheaper would be effective. Foam cubes cut from styrofoam plugs for flasks (diSPo Plugs [Canlab] ; average pore size, 430-,um diameter), which had ragged edged pores and some windows, immobilized M. isabellina less effectively for a given nutrient level (40 versus 63%, respectively). Further tests to optimize this alternate system were not performed. Scott prepares foams of different porosities and will provide tailor-made foams on request. An optimal pore size for cell loading and for resin acid transformation may exist.
Many questions have been raised by the present study. The first step in addressing many of them is to study the performance of foam-entrapped M. isabellina in a model system containing effluent and the naturally occurring microbiota of a pulp mill. VOL. 54, 1988 
